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Abstract The application of surface coatings has been
shown to reduce friction in elastohydrodynamic lubrication
(EHL), not only in the mixed and boundary regime when
asperity interactions occur, but also in the full film regime.
Several studies suggest that the full film friction reduction
is due to a violation of the no-slip boundary condition and
thus slip is taking place between the solid and the liquid.
Another hypothesis proposes that the full film friction
reduction is due to the low thermal conductivity of dia-
mond-like carbon (DLC) coatings. In this work, two DLC
coatings with the same composition, but different thick-
nesses, are investigated with uncoated steel specimens as a
reference, all with the same surface roughness. Friction
tests in a ball-on-disk machine show that both coatings
reduce friction compared to the uncoated reference case in
full film EHL. The thicker coating is significantly more
effective at reducing friction than the thinner one at a
maximum friction reduction of 41 % compared to 29 % for
the thinner coating. Moreover, contact angle measure-
ments, surface energy measurements, and spreading
parameter calculations show no statistically significant
differences between the two coatings, suggesting that the
friction reduction capabilities of coatings in full film EHL
cannot be described by solid–liquid interactions alone. The
difference in friction reduction between the specimens in
this work is mainly attributed to different thermal
properties.
Keywords Diamond-like carbon (DLC)  EHL  Thermal
conductivity  Friction  Thermal effects  Surface energy
List of symbols
cDl Dispersive component of surface tension (N/m)
cDs Dispersive component of surface energy (J/m
2)
cPl Polar component of surface tension (N/m)
cPs Polar component of surface energy (J/m
2)
cl Total surface tension (N/m)
h Contact angle (deg)
At Heat transfer area (m
2)
c Coating thickness (m)
dT Temperature difference across coating (K)
k Thermal conductivity (W/mK)
qt Heat transfer (W)
1 Introduction
Surface engineering has emerged as an important part in
reducing friction in the field of elastohydrodynamic lubri-
cation (EHL). Smoother surfaces in contact have the
advantage of pushing the transition from full film lubrica-
tion to mixed lubrication toward lower speeds and will thus
lead to reductions in both friction and wear. Furthermore
has the use of tribological coatings grown substantially in
the last decade to provide various enhancements such as
lower friction and wear both in dry and lubricated contacts.
Diamond-like carbon (DLC) coatings are the subject of
many studies since they possess properties such as low
friction characteristics, high wear and corrosion resistance,
chemical inertness, thermal stability, as well as high
hardness and high elastic modulus. DLC coatings generally
reduce friction in boundary and mixed lubrication regimes
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by lowering the contact friction between the asperities.
However, the matter of interest in this paper is the reduc-
tion that is achieved by DLC coatings in full film EHL where
there is no contact between the surfaces and the lubricant
carries all of the load. Several authors have experimentally
observed a reduction in friction with DLC-coated surfaces
in full film EHL [6, 7, 14, 27, 48]. The friction reduction
has been explained by several authors as an effect of
boundary slip, or solid–liquid interface slip [14, 27, 29] a
phenomena thoroughly discussed in literature [12, 25, 37,
38, 41, 42, 46, 47, 49], where some of the work is based on
atomically smooth surfaces.
However, it is still not entirely clear how the mechanism
of slip works, and several hypothesis can be found in the
literature. In many cases, poor wetting or high contact angle
is proposed as the main feature to promote slip [13, 23, 25,
29, 41, 42, 49] and in other cases low surface energy [14,
27]. However, using only surface energy as a means to
determine the potential of solid–liquid slip may not be
suitable since surface energy is a material property and tells
nothing about the interaction of a specific material with a
specific fluid. On the other hand, contact angle measure-
ments represent a property of the specific surface and
lubricant combination and could intuitively seem to be more
suitable. However, Kalin and Polajnar have recently pub-
lished studies including many different lubricants and
coatings where the influence of surface energy and contact
angle is discussed [26, 28]. They conclude that contact angle
cannot be used in isolation to predict the wetting behavior
and instead propose the use of a spreading parameter which
correlates well with the surface energy. They also showed
the correlation between contact angle, surface energy, and
spreading parameter with friction coefficients in full film
EHL, where, especially, the spreading parameter and the
polar part of the surface energy correlate very well with the
friction measurements [27].
Furthermore, many authors have concluded that for
solid–liquid slip to take place, the surfaces have to be very
smooth, generally below 6 nm RMS [12, 41, 42, 50].
However, the present authors have presented an investiga-
tion in which friction reduction with DLC coatings was
measured [7] in full film EHL even when the combined
RMS roughness of the surfaces was in the range of 155-355
nm. Based on a simplified analytical estimation of the
temperature increase in the lubricant film induced by DLC
surface coating, the authors proposed that the friction
reduction could be a result of thermal insulation due to the
low thermal conductivity observed for some DLC coatings
[2, 31, 40]. The temperature increase in the lubricant film
would reduce the viscosity and thereby reduce the coeffi-
cient of friction. In a more recent study [6], the present
authors used a more advanced and thoroughly validated [5,
20–22] 3D numerical model to predict the effect of thin
insulating layers on full film elastohydrodynamic (EHD)
friction to be compared with experimental measurements.
The presented simulations, validated by experiments,
showed that applying a thin diamond-like carbon coating to
metal surfaces creates an insulating effect that, due to the
increased liquid lubricant film temperature at the center of
the contact, locally reduces lubricant viscosity and thus
friction. This model was later refined by Habchi and used to
numerically investigate the effect of different coating
thickness and thermal properties on EHD friction [19].
In this work, specimens coated with the same DLC
coating, but with different coating thickness, are investi-
gated in terms of friction reduction in full film EHL and
compared to measurements of contact angle and surface
energy of the coatings. By investigating two coatings with
supposedly the same surface energy and contact angle, but
with different thicknesses and hence thermal properties, the
authors want to provide further information about the
mechanisms behind the full film EHD friction reduction
capabilities of DLC coatings.
2 Overall Methodology
The following sections cover the test specimens, lubricant,
and coatings used. It also contains information about how
the experimental equipment for the friction tests is set up,
and how the experiments are performed. Finally, the pro-
cedure for the contact angle, surface energy, and surface
tension measurements are discussed.
2.1 Test Specimens and Lubricant
The tests were performed with a commercially available
DLC coating produced with two different thicknesses and
uncoated DIN 100Cr6 (AISI 52100) bearing steel as a
reference. For the friction tests in the ball-on-disk machine,
polished balls and disks were used that had been measured
to a surface roughness, RMS of 25 nm for the balls and 35
nm for the disks, which gives a combined roughness of
approximately 43 nm. These roughness values were also
maintained after the specimens had been coated with DLC.
The surface roughness measurements were conducted in a
Wyko NT1100 optical profilometer system from Veeco.
The measurements were performed using 10x magnifica-
tion and 1x field of view. The balls are grade 20 with a
13/16 inch (20.63 mm) outer diameter and a hardness of
about 60 HRC. The disks have a 4 inch (101.6 mm) outer
diameter, a circumferential grind (before polish) and are
through hardened to about 60 HRC. Except the steel
uncoated reference specimens, the remaining specimens
were coated with Tribobond 43, a hydrogenated amorphous
carbon ((Cr?)a-C:H), through plasma-assisted chemical
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vapor deposition. The specimens were prepared with two
different coating thicknesses, 0.8 and 2.8 lm, measured
using calotest. A chromium-based interlayer with a thick-
ness of 0.1–0.3 lm deposited by magnetron sputtering was
used to improve the adhesion. The thermal conductivities
were not measured on these specific coatings, but approx-
imated by the formula obtained by Kim et al. [31] that is
expressed in Fig. 1. The dots represents the actual mea-
surements performed by Kim et al. from which they
derived the curve fit. The stars represent the coating
thicknesses used in this work. Other work has been per-
formed focusing on measuring thermal conductivities of
DLC coatings thinner than 20 nm where a thermal con-
ductivity of 0.09 W/mK was obtained for a coating of
approximately 3 nm [2]. The effect of thermal boundary
resistance [43] is more influential at thinner coating
thicknesses and is the most likely explanation why the
thermal conductivity has a rapid decrease for thinner
coatings. It is also likely that the chromium interlayer will
further reduce the thermal conductivity due to additional
thermal boundary resistance. The thermal conductivities
are expected to be around 1.75 and 2.23 W/mK for the 0.8
and 2.8 lm coatings, respectively. This should be com-
pared to a value of 46.6 W/mK for the substrate material.
Note that even though the thermal conductivity is higher
for the thicker coating, the total thermal insulating effect is
still higher due to the increase in coating thickness. Con-
sider Fourier’s law of thermal conductive heat transfer:
qt ¼ kAtdT=c ð1Þ
where qt is the heat transfer, k is the thermal conductivity,
At is the heat transfer area, dT is the temperature difference
across the material, and c is the coating thickness.
Assuming identical values for At and dT for the different
coating thicknesses would give approximately 2.75 times
as much heat conducted through the thinner coating.
The lubricant used for the tests was squalane, a com-
mercially available low molecular weight (422.81 g/mol)
branched alkane (2,6,10,15,19,23-hexamethyltetracosane).
A lubricant without additives was chosen to minimize the
effect of tribochemical reactions on the friction coefficient.
At the test temperature of 40 C, the ambient viscosity of
squalane is 15 mPas, and the pressure viscosity coefficient
is 18 GPa-1 [1].
2.2 Ball-on-Disk Tribotester
The experiments were carried out with a Wedeven Asso-
ciates Machine (WAM) 11, ball-on-disk test device. The
lubricant is supplied at the center of the disk in an oil
dispenser that distributes the lubricant across the disk
surface. The lubricant is circulated in a closed loop from
the oil bath, through a peristaltic pump to the oil dispenser
at the center of the disk. The peristaltic pump is delivering
approximately 180 ml/min. Three thermocouples are used
in the test setup, one located in the oil bath, one in the
outlet of the oil supply, and one trailing in the oil film close
to the inlet region of the ball-on-disk contact. A more
thorough description of the test rig and its features is pre-
sented in previous work [8].
2.3 Test Procedure
In this investigation, we only tested the combination of
uncoated specimens, specimens coated with 0.8 lm DLC,
and specimens coated with 2.8 lm DLC. Previous inves-
tigations have shown that a coating on only one of the
specimens in contact still gives a reduction in friction, but
not as great as if both specimens are coated [7, 27]. The
ball-on-disk test device was used to generate friction data
from a series of tests under different operating conditions.
In each test, the entrainment speed and contact pressure
were held constant while the slide to roll ratio (SRR) was
varied from 0.0002 to 1.05. SRR is defined as the ball
surface speed subtracted by the disk surface speed giving
the sliding speed. The sliding speed is then divided with the
entrainment speed giving SRR. All tests in this investiga-
tion were hence conducted with the ball having a higher
surface speed than the disk. Both ball and disk specimens
were cleaned with heptane and ethyl alcohol before starting
the experiments for each of the test cases. Before starting
the experiments for each test case, the test device was
warmed up to the desired operating temperature during
approximately 60 min with lubricant circulation over both
ball and disk to ensure thermal stability. When a stable
temperature was reached, an 80 N or a 300 N load was





















Fig. 1 Thermal conductivity with respect to coating thickness for
a-C:H coating. The dots represent the measured values used for the
curve fit. The stars represent the values for the coating thicknesses in
this paper
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applied which is equivalent to 1.25 or 1.94 GPa maximum
Hertzian pressure and the machine was calibrated for pure
rolling by adjusting spindle angle and positioning of the
ball to ensure a condition of no spinning. These settings
were then held constant for 20 min to ensure a mild run-in.
Subsequently, the test cycle was started, wherein the
entrainment speed was kept at a constant value, and the
slide to roll ratio was varied from the lowest to the highest
value. The test cycle was repeated seven times for each
entrainment speed. The temperature of the oil bulk and
fluid adhered at the disk surface was typically deviating
less than ±1.5 C from the target temperature of 40 C
during testing. Four different entrainment speeds were used
in the tests. The entrainment speeds were chosen such that
the minimum film thickness in the most severe case (lowest
entrainment speed and highest SRR with the thickest
coating) would still be higher than the combined roughness
of the specimens and thus still be in the full film regime.
The film thickness for 1.25 GPa, an entrainment speed of
1.6 m/s, and 1.04 in SRR give an uncoated minimum film
thickness of 65 nm, while the coated case would give a
minimum film thickness of 63 nm. The film thickness
calculations were made with the numerical model used in a
previous investigation including the effect of a thermally
insulating coating on film thickness and friction in EHL
[6]. Here, along with another numerical work [19], it is
concluded that although a thermally insulating coating
could have a significant effect on friction, the film thick-
ness is barely affected. A summary of the investigated
conditions can be seen in Table 1.
2.4 Surface Energy and Wetting
The surface energies of the specimens were evaluated
using the Owens-Wend-Rabel-Kaelbe (OWRK) method
(Eq. 2) [35]. This method requires contact angle mea-
surements of the specimens with at least two liquids with
known properties. In this investigation, demineralized
water and diiodomethane were used. The properties of
these fluids needed for the OWRK method, total surface
tension, and the dispersive and polar components of surface
tension obtained from literature [15] are presented in Table
2. It should be mentioned that several theoretical models
exist for the calculation of surface energy from contact
angle measurements. Kalin and Polajnar [26, 28] recently
investigated the surface energies of several different DLC
coatings using OWRK, Oss and Wu methods. They con-
cluded that these three models were qualitatively the same
(for the samples and fluids they used), providing the same
ranking of the surfaces, but with a difference in absolute
values ranging between 5 and 25 %. The OWRK method,
Eq. 2, presented values in between the Oss method and the
Wu method and is probably the most used model in liter-
ature that is why it is used also in this investigation.














where cl is the total surface tension of the fluid, h the
contact angle, cDs the dispersive component of surface
energy, cPs the polar component of surface energy, c
D
l the
dispersive component of surface tension and cPl the polar
component of surface tension.
The contact angle measurements were conducted with
the sessile drop technique using an optical goniometer,
Fibro 1121/1122 DAT-Dynamic Absorption and Contact
Angle Tester. Before the measurements were conducted,
the specimens were cleaned with acetone and ethanol and
dried in a stream of hot air. The drop size was 2.5 lm and
used for all lubricants for consistency. At this small vol-
ume, the effect of the drops impact due to its weight can be
ignored [34]. Each fluid and liquid combination was
repeated at least 8 times before the average value was
calculated. The contact angle of the lubricant typically
changed with time after having been deposited on the
surface. The value was measured after 12 s for both ref-
erence fluids and all materials for consistency. In the case
of squalane that showed contact angles that changed more
with time, the measurement was done after 16 s.
2.5 Surface Tension
The surface tension of the lubricant used for the friction
tests was determined using the same optical goniometer as
for the contact angle measurements. The pendant drop
method was used to establish the surface tension. Each test
was repeated 5 times, and the average value was calculated.
Since the pendant drop method only gives the total surface
Table 1 Investigated conditions
Temperature 40 C
Contact load 80 and 300 N
Maximum hertzian pressure 1.25 and 1.94 GPa
Entrainment speed, Ue 1.611, 3.145 and 6.144 m/s
Slide to roll ratio, SRR 0.0002 –1.05
Coating thickness 0.8 and 2.8 lm











Water 72.8 21.80 51.00
Diiodomethane 50.8 50.8 0
Squalane 31.8 30.7 1.1
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energy of the lubricant, another method is needed to
determine the polar and dispersive components of the
surface tension. By measuring the contact angle for the
specific lubricant on PTFE, the dispersive component of
the surface tension can be acquired. This is because PTFE
only has a dispersive component of surface energy, 23.53
mJ/m2, and consequently, the OWRK method could be
used to calculate the dispersive component of the surface
tension. The polar part is then calculated using Fowkes
method [16] with the following equation:
cl ¼ cDl þ cPl ð3Þ
2.6 Spreading Parameter
Kalin and Polajnar proposed the use of a spreading
parameter for evaluating the wetting between a surface and
a lubricant [27]. They found that while contact angle
measurements did not correlate with the friction reduction,
the spreading parameter did. Combining the Young equa-
tion and the OWRK model, they derived a spreading
parameter that was used to characterize the spreading of the

















The surface energies for the investigated specimens are
presented in Fig. 2. It shows that uncoated steel has the
highest surface energy of 50.07 mJ/m2, while the DLC
coatings have 48.1 and 48.5 mJ/m2, respectively, for the
0.8 and 2.8 lm coatings. When looking at the distribution
in dispersive and polar components of the surface energies
for the investigated surfaces, they are all very similar in the
sense that the dispersive component of the surface energy
is dominant and only a small part is coming from the polar
component.
Figure 3 shows the results for the calculated spreading
parameters for the combination of squalane and the dif-
ferent surfaces. The spreading parameter defined by Kalin
and Polajnar [27] ,Eq. 4, represents the wetting behavior of
the lubricant and surface combinations. In all cases, the
spreading parameter is positive, suggesting that the lubri-
cant spreads over the surfaces with time and does not
obtain a constant contact angle immediately. According to
the equation, the lubricant will spread most easily on the
uncoated steel surface and less on the coated surfaces. In
this case, the thicker coating has a slightly higher spreading
parameter suggesting that it would provide lower wetting
of the surface with squalane compared to the thinner
coating.






















Fig. 2 Surface energies and the corresponding dispersive and polar
parts of investigated surfaces determined using the OWRK method
























Fig. 3 Spreading parameter values for squalane and the investigated
surfaces


















Fig. 4 Contact angle for squalane on the investigated surfaces
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Figure 4 shows the results from the contact angle mea-
surements for squalane on the specimens. The values were
taken after about 16 s and represent a steady-state contact
angle. The low contact angles indicate good wetting on all
specimens.
Figures 5, 6, 7 show the results from the ball-on-disk
friction measurements with the uncoated specimens and the
two different coating thicknesses. Although three different
entrainment speeds were investigated at 1.25 GPa pressure
(Table 1), only the lowest and highest entrainment speeds
are shown here since the intermediate entrainment speed
showed the same trends as the two presented here. For
1.94 GPa, only the highest entrainment speed case is
shown here as a comparison with the 1.25 GPa case at the
same speed. Table 3 shows the reduction in friction for all
investigated cases at the highest SRR of 1.05. Table 3 also
shows that in general, the percental friction reduction is
greater for the lower pressure independent of coating
thickness and entrainment speed.
It is clear that the uncoated specimens have the highest
friction coefficients for all tested combinations of pressures
and entrainment speeds. The thinner DLC coating leads to
a significant reduction in friction coefficient, and the fric-
tion is further reduced for the specimens with the thicker
coating. For all entrainment speeds, the percental friction
reduction is increased with the increase of SRR. The fact
that the friction coefficients in general are higher at the
lower speed, Fig. 5, does not indicate a transition to the
mixed lubrication regime compared to the higher speeds,
but rather an effect of different full film lubrication con-
ditions. A higher entrainment speed will lead to a thicker
film and thus lower shear rates. Furthermore, a higher
entrainment speed will increase thermal softening of the
lubricant, reducing the viscosity and also leading to a
reduction in friction. When comparing the friction trends at
the same speed for both pressures, Figs. 6 and 7, the fric-
tion coefficient increases faster with SRR and reaches a
higher value for the higher pressure. At higher SRR when
thermal softening of the lubricant is dominating the friction
behavior, the high pressure case drops more rapidly due to
higher heat generation.
4 Discussion
The tribological tests performed in this investigation
clearly show the friction-reducing effect of a DLC coating




















Fig. 5 Friction measurements for squalane at 1.6 m/s entrainment
speed and 1.25 GPa of maximum hertzian pressure for uncoated steel
and two different thicknesses of the same DLC coating




















Fig. 6 Friction measurements for squalane at 6.144 m/s entrainment
speed and 1.25 GPa of maximum hertzian pressure for uncoated steel
and two different thicknesses of the same DLC coating






















Fig. 7 Friction measurements for squalane at 6.144 m/s entrainment
speed and 1.94 GPa of maximum hertzian pressure for uncoated steel
and two different thicknesses of the same DLC coating
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in full film EHL, Figs. 5 to 7 and Table 3. The reduction in
friction coefficient for the 2.8 lm coating at the highest
tested SRRs ranges from 30 % at an entrainment speed of
1.6 m/s and 1.25 GPa of pressure to a reduction of 41 % at
an entrainment speed of 6.144 m/s and 1.94 GPa of pres-
sure. For the thinner DLC coating, the same conditions lead
to friction reductions of 16 and 26 %. It is apparent that the
thicker coating is more effective at reducing friction.
The phenomena of reducing friction with DLC coatings
in full film conditions where there are no asperity contacts
between the mating surfaces have by several authors been
explained as solid–liquid slip [14, 25, 29]. The principle of
the theory being that the often assumed no-slip boundary
condition between the liquid and the solid is violated. It
means that the interaction between the solid and the liquid
is not strong enough to resist the shear forces at the
interface, and the liquid will thus have a lower velocity
than the solid surface. This will in turn reduce shear rates
and friction.
If the friction reduction can be explained by the interac-
tion between the surface and the liquid, it must be possible to
be determined by utilizing appropriate measurements. Such
measurements have included contact angle, surface energy,
and spreading parameter. However, results in the literature
have been nonconclusive in the sense that some authors have
correlated the friction reduction to poor wetting (large con-
tact angle) [13, 23, 25, 29, 41, 42, 49] and sometimes with
surface related properties such as hydrophobicity and low
surface energy [14, 27]. Recently, Kalin and Polajnar pre-
sented a series of studies[26, 27] where they conclude that
there is poor correlation between contact angle and friction
reduction with surface coatings in full film EHL. On the other
hand, they found good correlation between surface energy,
and especially the polar part of the surface energy, and
friction reduction. They also found good correlation between
a spreading parameter, which takes into account both surface
and liquid properties, and friction reduction. In this paper, the
friction-reducing capabilities of two different thicknesses of
the same DLC coatings are investigated with uncoated steel
specimens as a reference. As seen in Figs. 5 and 6, the friction
reduction is more effective with the thicker coating than the
thinner one. However, this difference in friction reduction
between these two coatings cannot be explained by contact
angle, surface energy, or spreading parameters. Nor is the
surface roughness different between the specimens. In Fig. 4,
it can be seen that there is no statistical difference in contact
angle between the two coated specimens. The uncoated
reference has slightly lower contact angle, but the difference
may be within the measurement error. Furthermore, as seen
in Fig. 2, there is no statistically significant difference
between the two DLC coatings in terms of neither total
surface energy, nor the dispersive and polar parts. The sur-
face energies of the coated specimens are, however, lower
than the steel reference. Moreover, no significant difference
can be seen between the coatings with the calculated
spreading parameters in Fig. 3. Even here there is a distinc-
tion between the coated specimens and the uncoated steel
reference.
This investigation shows that contact angle and surface
energy measurements alone are not sufficient to estimate
the friction reduction observed with surface coatings in full
film EHL. The present authors have earlier [7] hypothe-
sized that the friction reduction obtained in full film EHL
may be caused by the low thermal conductivity of certain
DLC coatings, and this theory was later validated in
another investigation including both experimental mea-
surements and numerical simulations [6]. The mechanism
at work in these cases is that applying a thin diamond-like
carbon coating to metal surfaces creates an insulating effect
that, due to the increased liquid lubricant film temperature
at the center of the contact, locally reduces apparent
lubricant viscosity and thus friction. The same numerical
model was later used to investigate the effect of coating
thickness and thermal properties of the coatings on friction
reduction [19] with results in line with those obtained
experimentally in this paper.
The idea that thermal properties of the specimens have
an influence on film shape and friction is not new. The
concept of a temperature-viscosity wedge caused by
specimens with widely different thermal conductivities was
introduced by Cameron in the 1960s [10, 11] and has been
discussed by several authors [30].
It is therefore likely that some of the inconsistencies
between contact angles and/or surface energies and friction
reduction achieved in full film EHL may be explained by
the fact that solid–liquid slip alone cannot explain or
describe the phenomena. In fact, under certain conditions,
the thermally insulating effects of the coatings are domi-
nating, or possibly even the only cause to the friction
reduction. In this investigation, since there is no significant
difference between contact angle and surface energy of the
two coating thicknesses, the difference in friction reduction
may solely depend on different thermal properties due to
the different thicknesses of the coatings. However, it is
more uncertain if the friction reduction achieved with the









300 6.144 26 41
300 3.145 20 35
80 6.144 29 39
80 3.145 23 37
80 1.611 16 30
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coatings compared to the uncoated reference is only due to
thermal insulation, or if a smaller part of the friction
reduction is also due to solid–liquid slip.
The influence of surface roughness on solid–liquid slip
has been discussed by several authors, where many of them
have concluded that for slip to occur, the surfaces have to be
very smooth [12, 39, 41, 42, 49], typically 6–12 nm RMS.
The critical roughness is most likely depending on the size
of the molecules of the liquid used [24, 36, 38]. Pearson and
Petrie [36] mean that no slip can occur when the molecular
size is smaller than the wall roughness scale. However, it is
not necessarily so that as smooth a surface as possible will
lead to the greatest amount of slip. At relatively low
roughness (below 15 nm), it has been shown that RMS
roughnesses of 0.7 and 4.0 nm produced less slip than a 12.2
nm surface [9]. It should, however, be mentioned that the
roughness in this case was not only different in amplitude,
but also produced with different geometries. That an opti-
mized roughness is superior to very smooth surfaces in some
cases may be apparent by considering solutions from nature
such as lotus leaves [3, 4]. In nature, for instance low wet-
tability is created by clever use of surface texturing.
Moreover, most of the investigations on solid–liquid slip
are performed at atmospheric pressure or hydrodynamic
pressure and may therefore not be directly applicable on
EHL. Solid–liquid slip has been reported to be reduced
with pressure in the hydrodynamic pressure range [44, 45],
but also observed to increase with pressure in EHL [32]. In
favor for solid–liquid slip in EHL is amplitude reduction
[17, 33] that describes elastic deformation of the roughness
inside the high pressure contact. Studies show that the
roughness reduction is dependent on several factors, such
as entrainment speed, slide to roll ratio, and pressure, and
that long wavelengths are compressed more than short
wavelengths. This means that the actual roughness inside
the high pressure region may, depending on the roughness
parameters and running conditions, be smoother than out-
side of the contact. This would at least according to
Pearson and Petrie be beneficial for solid–liquid slip.
To the author’s knowledge, only a few studies have
observed solid–liquid slip in EHL [18, 32, 47], and they
have all used relatively smooth surfaces (below 12 nm).
The liquids they used are either polyphenyl ether (5P4E)
which has very high surface tension and is known to show
poor wetting at metal surfaces, or high molecular weight
polybutene. It is still to be elucidated whether solid–liquid
slip can still be observed with the use of surfaces and
lubricants more often encountered in machine elements
such as ball bearings and gears. Studies that indirectly
indicate solid–liquid slip as a consequence of reduced
friction in full film EHL may, in fact, as indicated by this
study, be an effect of thermal insulation, or a combination
between thermal insulation and solid–liquid slip.
5 In Conclusion
This paper shows that measurements of contact angle, sur-
face energy, or spreading parameter alone are not sufficient
to estimate the full film EHD friction reduction capability of
a surface coating. Friction tests were carried out in a ball-on-
disk machine with specimens coated with the same DLC
coating, but with different thicknesses, and compared to
uncoated specimens, all with the same surface roughness.
The DLC-coated surfaces showed a reduction in friction in
all tested cases compared to the uncoated specimens. How-
ever, the thicker DLC coating provided substantially lower
friction than the thinner coating. Contact angle measure-
ments were carried out with reference fluids and the test fluid
to calculate surface energy and spreading parameter for the
test combinations. No significant differences were found
between the two coating thicknesses although their friction
reduction effects were substantially different. The difference
in friction reduction between the coatings is attributed to the
fact that the thicker coating has a greater thermal insulating
effect than the thinner coating.
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